Abstract: An adaptive modification to the two-bit transform-based low-complexity block motion estimation approach is proposed. Initially, video frames are converted into two-bit representations using the two-bit transform (2BT), and binary block-based motion estimation is performed using these two bit-planes. Modification to the original 2BT-based motion estimation scheme is introduced by conditional local or full searches using the mean absolute difference criterion to improve the initial motion estimation accuracy. The condition threshold is adaptively varied according to block detail using the block variance already computed for the 2BT process. Experimental results show that the proposed adaptive modified 2BT-based motion estimation technique can significantly improve peak signal-to-noise ratio performance compared with 2BT only motion estimation, and outperforms modified one-bit transform (1BT)-based motion estimation as well as modified 2BT-based motion estimation without adaptation at the same motion estimation cost. The main contribution of this work is to provide an adaptive decision on whether a modified search should be carried out after the low-complexity motion estimation process.
Introduction
Video compression is necessary in a wide range of applications to reduce the total data amount required for the transmission or storage of video data. Motion estimation/ compensation play a significant role in removing temporal redundancies between image frames in video coding systems. Motion estimation performs up to 50% of the computations encountered in the entire coding system, and is commonly remarked as the computationally most intensive part of the video coding system [1] . Block matching, that divides the frame into rectangular blocks and searches for the best matching block inside a certain search window within the previous frame, is the most popular technique used for motion estimation in video coding systems [2] . The optimal search strategy is full search (FS) that exhaustively checks all candidate locations within the search window for the best matching block. The mean absolute difference (MAD) or mean square error (MSE) matching criteria are considered to be statistically optimal solutions to the matching process. However, the computational complexity of full search with MAD or MSE matching is extremely high.
Various methods have been proposed to reduce the high computational load of the FS-MAD (or FS-MSE)-based block motion estimation technique. Approaches proposed for this purpose can be divided into three main categories [3, 4] . The first category of techniques use fast search algorithms to evaluate only part of the candidate search location. These methods reduce computation complexity by selecting a subset of the possible search candidate locations.
Three-step search (3SS) [5] , 2-D logarithmic search (LOGS) [6] , cross-search [7] , conjugate direction search (CDS) [8] , mean-pyramid search [9] , new three-step search [10] , four-step search (4SS) [11] , block-based gradient descent search (BBGDS) [12] , diamond search (DS) [13] , polynomial search (PS) [14] , zonal search [15] and adaptive irregular pattern search [16] are examples for methods falling into this category.
The second category of techniques comprises methods that use pattern or motion vector sub-sampling approaches to reduce computational complexity [17 -20] . For example in [17] , a fraction of the pixels within the block is used in the matching and the motion field is computed for a fraction of the blocks only, while the motion vectors of the remainder blocks are interpolated from the computed motion vectors. In a similar way, hexagonal sub-sampling is proposed in [18] . Adaptive pixel decimation using selective pixels whose features are important to determine a match has been proposed in [19] . Adaptive block matching scan and the utilisation of representative pixels obtained by Taylor series expansion has been proposed in [20] .
The approaches falling into the third category, concentrate on using different matching criteria instead of MAD to achieve reduction in computational complexity. In [21] , the block mean is used as threshold to represent pixels with a single bit-plane through a one-bit transform (1BT). The bit-plane of an image frame is constructed as
where t bm is the threshold value (i.e. block mean), I(i, j) shows the (i, j)th pixel of the image frame and B(i, j) shows the corresponding bit-plane value. In [22] , the original image frame has been compared with a multiband-pass filtered version to create one-bit/pixel representations. A 17 Â 17 sized multiband-pass filter kernel which is used to filter the image frame, is defined in the form of
Then, one-bit representations of image frames are calculated as
where I f (i, j) is the filtered form of the image frame I(i, j). When a single bit is used in the representation of image frames, bad motion vectors can be obtained, particularly for small block sizes. In [23] , a conditional local search algorithm has been added to the 1BT-based motion estimation approach to improve the estimation accuracy at the cost of higher computational complexity. Block-based motion estimation using a two-bit/pixel representation has been proposed in [24] , to improve the motion estimation accuracy and reduce bad motion vectors compared with 1BT.
In this work, adaptive modified two-bit transform (AM2BT)-based motion estimation is presented. A modification similar to the one proposed for 1BT-based motion estimation in [23] is utilised in this work for AM2BT-based motion estimation. Conditional searches are added to 2BT in order to improve motion estimation accuracy. However, unlike [23] the local search condition threshold is adaptively changed according to block detail using the block variance already computed in the 2BT stage, and this novelty constitutes the main contribution of this work. Experimental results are obtained for different video sequences using various conditional search constraints, and compared with standard 1BT [22] and 2BT [24] as well as modified 1BT (M1BT) [23] based motion estimation and modified 2BT (M2BT) with constant condition threshold. It is shown that the introduced adaptive decision threshold improves the overall performance of the modification approach by providing improved accuracy/ complexity trade-off.
2
Adaptive modified 2BT-based block motion estimation 2BT-based motion estimation has been proposed in [24] . The proposed 2BT obtains a two-bit representation using block-based transformations. Local mean and standard deviation values are computed to convert image frames into two-bit representations. In 2BT-based motion estimation, low motion estimation complexity is achieved through binary matching criteria and low bit-depth representations. It is shown in [24] that 2BT improves motion estimation accuracy compared with 1BT. In 2BT, local mean (m) and variance (s 2 ) values are computed as
where I tw shows pixel values in the local threshold window constructed around the transforming block. Standard deviation values can be obtained from the variance using a square root operation or a linear approximation to this operation as presented in [24] . The 2BT can then be obtained in the form of
where B 1 (i, j) and B 2 (i, j) represent the resulting two bitplanes. Hence, a total of four separate classes are constructed.
The number of non-matching points defined as
is used as matching criterion to find the best matching block.
Here, NNMP(m, n) shows the number of non-matching points for a displacement (i.e. motion vector) of (m, n) pixels, B 1,2 t (i, j) shows the 2BT of the current image frame, B 1,2
t21
(i, j) shows the 2BT of the previous image frame, s determines the search range, N determines the block size, È represents the Boolean exclusive-OR operation and k represents the Boolean OR operation.
The modification approach presented in this work is based on multiple candidate two-step search, and is inspired by [23] . The main reason why the strategy of [23] was adopted is that 2BT normally outperforms 1BT-based motion estimation, and as the modification in [23] improves the motion estimation accuracy of 1BT, it is only logical to consider a similar modification to improve the motion estimation accuracy of 2BT as well.
Initially, the first and second best motion vectors are obtained for each block using conventional 2BT-based motion estimation as presented in [24] . Then, distortion measures corresponding to the first and second best motion vectors are calculated. The sub-sampled sum of differences (SSAD) given in (7) is used as the block distortion measure. Note that although two different sub-sampling patterns have been presented in [23] for the SSAD computation, only the one shown in (7) is used in this work, as this one results in higher motion estimation accuracy. The utilised distortion measure can be expressed in the form of
where (i, j) is used as pixel index, I t (i, j) shows the pixels within the current block and I tÀ1 (i À mv x , j À mv y ) shows the pixels within the corresponding block of the previous frame having a motion vector displacement of (mv x , mv y ). Once this distortion measure is computed for the first and second best motion vectors obtained using 2BT motion estimation, the resulting distortions are compared against a threshold value (T ). In M1BT [23] , this threshold value is fixed and set a priori according to the desired accuracy/ complexity trade-off. A fixed threshold has also been tested in this work and the approach using a fixed condition threshold is referred to as M2BT. However, because the mean and standard deviation values of each block are already computed for the 2BT process as given in (5), it is genuinely proposed in this work to make use of the block characteristic to vary this condition threshold to obtain an improved accuracy/complexity exchange. As the standard deviation value gives a direct measure of pixel value distribution, it is proposed to change the adaptive condition threshold as a function of the standard deviation in the form of T ¼ f (s), where f (s) is a linear function that is selected so that the condition threshold will be proportional to the block standard deviation. This function can be selected according to the desired accuracy/complexity trade-off. In this way, a different (i.e. adaptive) threshold is computed for each block according to the block characteristic and the adaptive threshold increases if the block has larger standard deviation (because in this case it will be easier to discriminate pixels using the two bit-planes of 2BT), and the adaptive threshold decreases if the block standard deviation is lower.
If the distortion corresponding to the first best motion vector (mv 1 ) is below T, the final block motion vector is assigned as mv 1 . Otherwise, the distortion for the second best motion vector (mv 2 ) is evaluated and if this value is below T the final block motion vector is assigned as mv 2 . If both distortion values are above the threshold, multiplecandidate two-step search (M2SS) is performed around mv 1 and mv 2 to find the final motion vector. Fig. 1 shows an example of two-step search path. First, SSAD is additionally computed for four locations centered at mv 1 and mv 2 (marked as diamonds in Fig. 1) , and the point with the lowest distortion measure is identified. Then, a second search is carried out for eight locations (marked as circles in Fig. 1 ) around this point to determine the final point with the lowest distortion measure. This process is carried out around mv 1 and mv 2 , and the location with the lowest distortion measure is identified. If this distortion is below twice the threshold value (2 Â T ), the corresponding displacement is assigned as the motion vector of the block. Otherwise, a third stage, in which full search with the distortion computed as given in (7) is utilised as final prospect to find an acceptable match, and the motion vector computed through FS is assigned as the final motion vector of the block. The flow diagram of the proposed approach is shown in Fig. 2 .
Experimental results
In order to evaluate the performance of the proposed adaptive modified two-bit transform (referred to as AM2BT), motion estimation has also been performed using standard FS with MAD matching (referred to as MAD), standard 1BT [22] , standard 2BT [24] , M1BT [23] and M2BT with fixed condition threshold for various video sequences for block sizes of 16 Â 16 pixels with a search range of 16 pixels as well as block sizes of 8 Â 8 pixels with a search range of 8 pixels. In order to assess the motion estimation accuracy, each frame is reconstructed from the previous frame using motion vectors computed with the mentioned approaches and peak signal-to-noise ratio (PSNR) values between reconstructed and original frames are computed. Note that fixed condition threshold values of T ¼ 6 and T ¼ 9 are evaluated for M1BT and M2BT. For the proposed AM2BT, the adaptive threshold is computed in the form of T ¼ 5 þ (4Â (s/100)), where s shows the standard deviation of the current block computed in the 2BT stage. This threshold function is selected to have a similar PSNR performance to the fixed threshold case of T ¼ 6, so that the computational complexity can be compared with a nearly fixed ME accuracy level to demonstrate the performance of the adaptive thresholding case. It is important to note that the PSNR/complexity trade-off should be of main concern in comparative evaluation. Considering the PSNR by itself can be misleading for comparative evaluation, because it is possible to improve the PSNR performance of any modified approach (M1BT, M2BT and AM2BT) by decreasing the threshold value at the cost of more conditional searches and therefore higher computational cost of motion estimation. Tables 1 -4 show results for the 'Football', 'Tennis', 'Foreman' and 'Flowergarden' test sequences for block sizes of 16 Â 16 pixels with a search range of 16 pixels. For the M1BT and M2BT, two threshold values (i.e. T ¼ 6 and T ¼ 9) are investigated to observe the influence of the decision threshold. In addition to PSNR values, the percentage of motion vectors computed without additional local search, that is, directly from 1BT or 2BT only (denoted as %mv-stage 1); the percentage of motion vectors computed with additional M2SS after 1BT or 2BT (denoted as %mv-stage 2); and the percentage of motion vectors calculated after the final FS stage with SSAD (denoted as %mv-stage 3) are also provided for M1BT, M2BT and AM2BT. The first stage, that is, stage 1 has the lowest computational complexity because motion estimation is carried out using EX-OR matching of low bitdepth representations. Hence, it is actually desired that most of the motion vectors should already be determined in this stage. In the second stage, that is, stage 2, M2SS is carried out, and hence the computational complexity is higher than the first stage (furthermore this stage is carried out in addition to the first stage) and therefore it is desired that significantly less motion vectors should be required to be determined in this stage. The final stage, that is, stage 3, is carried out on top of stages 1 and 2 if the motion vector cannot reliably be detected in the first two stages, and as an FS with SSAD matching is carried out in this stage, the computational complexity of the third stage is the highest. It is desired that as few motion vectors as possible should be left to be determined in the third stage because of the substantially higher computational complexity. It is possible to make use of the average number of search points in order to compare the speed and computational cost of the algorithms. The average number of full (i.e. 8-bit) matching points per MAD, mean absolute difference; PSNR, peak signal-to-noise ratio; 1BT, one-bit transform; 2BT, two-bit transform; M1BT, modified one-bit transform; M2BT, modified two-bit transform; AM2BT, adaptive modified two-bit transform; NA, not applicable; mv, motion vector displacement MAD, mean absolute difference; PSNR, peak signal-to-noise ratio; 1BT, one-bit transform; 2BT, two-bit transform; M1BT, modified one-bit transform; M2BT, modified two-bit transform; AM2BT, adaptive modified two-bit transform; NA, not applicable; mv, motion vector displacement pixel (denoted as 'f') and the average number of binary (denoted as 'b') matching points per pixel are also shown in the tables for each algorithm to enable comparative evaluation.
It is seen in Tables 1 -4 , that M2BT provides about the same or a slightly better motion estimation accuracy compared with M1BT for block sizes of 16 Â 16 pixels with a search range of 16 pixels at the same threshold value; however, a higher percentage of motion vectors is decided in earlier stages of the motion estimation process. Hence, a lower average number of full matching search points is obtained resulting in faster computation and lower computational load in M2BT. Comparing AM2BT with M2BT (T ¼ 6) it is seen that under similar PSNR performance, the number of additional searches (further stages of the ME process) is lower in AM2BT, providing a reduced number of full matching search points on average, thus resulting in even faster computation and lower computational load compared with M2BT, for the same ME accuracy. Hence, AM2BT is preferable in terms of PSNR/complexity trade-off. The reduction of average full matching search points in AM2BT compared with M2BT directly shows the gain achieved by the adaptation of the decision threshold. MAD, mean absolute difference; PSNR, peak signal-to-noise ratio; 1BT, one-bit transform; 2BT, two-bit transform; M1BT, modified one-bit transform; M2BT, modified two-bit transform; AM2BT, adaptive modified two-bit transform; NA, not applicable; mv, motion vector displacement MAD, mean absolute difference; PSNR, peak signal-to noise ratio; 1BT, one-bit transform; 2BT, two-bit transform; M1BT, modified one-bit transform; M2BT, modified two-bit transform; AM2BT, adaptive modified two-bit transform; NA, not applicable; mv, motion vector displacement MAD, mean absolute difference; PSNR, peak signal-to-noise ratio; 1BT, one-bit transform; 2BT, two-bit transform; M1BT, modified one-bit transform; M2BT, modified two-bit transform; AM2BT, adaptive modified two-bit transform; NA, not applicable; mv, motion vector displacement
Experimental results demonstrate that the adaptive threshold of AM2BT can reduce the average amount of conditional full matching searches by up to 25% at the same ME quality. Tables 5 -8 show results for the 'Football', 'Tennis', 'Foreman' and 'Flowergarden' test sequences for block sizes of 8 Â 8 pixels with a search range of 8 pixels. In this case, M2BT not only provides improved motion estimation accuracy at the same threshold value, but also results in a lower computational load compared with M1BT. It is seen in particular that the PSNR gap increases if the number of motion vectors computed using FS-SSAD is reduced through the utilisation of a higher value of the fixed threshold. Again AM2BT typically results in faster computation and lower computational load compared with M2BT in the case of similar PSNR performance. In this case, again AM2BT provides a superior PSNR/complexity trade-off compared with M1BT and M2BT. Fig. 3 shows an example frame of the 'Football' sequence together with images reconstructed from the previous frames using motion vectors computed with the aforementioned methods. It is seen that M2BT not only provides improved PSNR results compared with M1BT, but also is the visual appearance much more acceptable in M2BT and AM2BT as the number of bad motion vectors is lower than M1BT. MAD, mean absolute difference; PSNR, peak signal-to-noise ratio; 1BT, one-bit transform; 2BT, two-bit transform; M1BT, modified one-bit transform; M2BT, modified two-bit transform; AM2BT, adaptive modified two-bit transform; NA, not applicable; mv, motion vector displacement MAD, mean absolute difference; PSNR, peak signal-to-noise ratio; 1BT, one-bit transform; 2BT, two-bit transform; M1BT, modified one-bit transform; M2BT, modified two-bit transform; AM2BT, adaptive modified two-bit transform; NA, not applicable; mv, motion vector displacement MAD, mean absolute difference; PSNR, peak signal-to-noise ratio; 1BT, one-bit transform; 2BT, two-bit transform; M1BT, modified one-bit transform; M2BT, modified two-bit transform; AM2BT, adaptive modified two-bit transform; NA, not applicable; mv, motion vector displacement
Conclusion
Adaptive modified two-bit transform (AM2BT)-based block motion estimation has been presented in this work. Conditional searches with MAD criterion are added to 2BT-based motion estimation to improve the motion estimation accuracy at the cost of computational complexity. If 2BT estimation accuracy is below a certain adaptive threshold, additional MAD-based searches are executed. The main contribution of this work is to facilitate an adaptive decision threshold that is varied according to block characteristic using the block standard deviation value. It is shown that the adaptive threshold provides improved accuracy/complexity trade-off compared with the fixed threshold case. It is also shown that AM2BT improves the motion estimation accuracy compared with standard 2BT-based motion estimation. It is furthermore shown that AM2BT (and also M2BT) outperforms M1BT-based motion estimation in terms of accuracy and computational complexity at the same ME accuracy level. MAD, mean absolute difference; PSNR, peak signal-to-noise ratio; 1BT, one-bit transform; 2BT, two-bit transform; M1BT, modified one-bit transform; M2BT, modified two-bit transform; AM2BT, adaptive modified two-bit transform
